INTRODUCTION

M
icrobial biofilms represent the first and perhaps most successful attempt by organisms to employ multicellularity to succeed in an aquatic environment (1) (2) (3) (4) (5) (6) . This life form still remains a dominant component of the biota, in some estimates accounting for over half of the earth's present biomass (7, 8) . Over 3 billion years ago, the photosynthetic cyanobacteria (blue-green algae) in the oceans converted the early toxic atmosphere to one that better supported modern terrestrial life (9) (10) (11) . The cyanobacteria formed biofilms that incorporated sediment, generating stromatolites (12, 13) , structures that can still be seen on the beaches in Shark Bay, Australia (14) (15) (16) (17) . These most important and ancient prokaryotes also have a lesson to teach us about the evolution and adaptability of biofilms. Today these organisms can also inhabit terrestrial niches in the form of biofilms, wreaking havoc by etching both ancient stone monuments and modern stone buildings (18) (19) (20) . And bacteria, including those that colonize humans, continue to live in aquatic environments, primarily as biofilms (4, (21) (22) (23) (24) . As is the case for bacteria, the fungi, including those that are pathogenic, have also developed the capacity to form biofilms. The major yeast pathogen Candida albicans, the focus of this review, can form biofilms on a variety of host tissues, dentures, teeth, catheters, and other biomedical implants (25) (26) (27) (28) (29) (30) (31) (32) . Depending on the configuration of the mating type locus (MTL), it can also form alternative biofilms: one exhibiting traits consistent with a "pathogenic" biofilm and the other exhibiting traits consistent with a "sexual" biofilm (33, 34) .
But before considering the plasticity of the biofilms formed by C. albicans, the meaning of the term "biofilm" must be considered.
Can the term, as applied to prokaryotic communities that rim bodies of water, clog pipes, form on the surface of your pet's water bowl, and obstruct the respiratory tracts of cystic fibrosis patients, have the same meaning in regard to the C. albicans communities that coat dentures and form plaque on teeth, spread along the walls of intestines, and line the walls of catheters? Is the meaning of the term so general that it can apply to any population of microorganisms on a substratum, including a colony of cells on nutrient agar? Or does the term "biofilm" have specific functional and architectural connotations that apply to all species, both prokaryotic and eukaryotic? In delving into the literature on C. albicans biofilms formed in vitro and relating it to that on the more intensively studied bacterial biofilms, it became apparent that the definition of the term had indeed evolved into something more than simply a film or colony of microorganisms supported by a substratum in an aqueous environment. It connoted a community of interacting cells, anchored tightly to a substratum, made up of multiple cell phenotypes embedded in a self-generated extracellular matrix (ECM). It connoted a population in a self-established microenvironment with specialized functional and architectural characteristics and a mechanism for dispersal. And as is the case for all communities, there appeared to be the potential for a significant degree of plasticity, depending upon the genotype and different environmental pressures. It became clear that there is a lack of appreciation of the variability of C. albicans biofilms due to strain differences and the plasticity of these biofilms resulting from different conditions employed in vitro. Attempting to integrate data from different studies that employed different strains, different culture conditions, and different quantitative methods of assessment can indeed lead to problems of interpretation without considering the possibility that the biofilm preparations might differ physiologically and developmentally. There can also be a major problem in interpreting the body of knowledge that has emerged for bacterial biofilms formed in vitro (35) (36) (37) . The problems for C. albicans are particularly poignant when attempts are made to generate general models of biofilm development, signal transduction pathways regulating biofilm formation, and drug resistance. The problem is further exacerbated for C. albicans by the discovery that depending upon the configuration of the mating type locus (MTL) (a/␣ versus a/a or ␣/␣), cells form biofilms that have distinctly different functional characteristics (38, 39) . In reviewing the literature, it became clear that researchers rarely test whether the strain they employ is representative and rarely assess the configuration of the MTL locus. For C. albicans, the latter omission has not had a profound effect on most studies, since 90% to 95% of strains are MTL heterozygous (a/␣) (40) (41) (42) . However, for the closely related species C. dubliniensis, which shares most of the developmental processes exhibited by C. albicans (43) (44) (45) (46) , the omission is indeed worrisome given that one-third of all natural strains are MTL homozygous (44) .
The goal of this review is to consider the variability and plasticity of C. albicans biofilms formed in in vitro models, with the intent of engendering awareness that they are developmentally complex and, depending on the strain and culture conditions, not created equal. This review does not cover in detail the literature on the signal transduction pathways that regulate gene expression during biofilm formation, the genes that are differentially regulated, or the molecular mechanisms regulating matrix formation or drug resistance, unless that information pertains to the specific aim set forth. The reader is directed to a number of excellent reviews on these subjects, published in the past several years (47) (48) (49) (50) (51) (52) (53) (54) (55) .
DEFINING A C. ALBICANS BIOFILM: LESSONS FROM BACTERIA
Considering what a C. albicans biofilm represents may best be accomplished by first reviewing bacterial biofilms, given that detailed studies of their formation in vitro appeared in the literature approximately 2 decades prior to studies of C. albicans biofilms. The first report of the cellular nature of a microbial biofilm was that of Antonie van Leeuwenhoek in 1684, when he described to the Royal Society of England the variety of microorganisms in dental plaques, which he examined with his newly developed microscope (56, 57) . However, not until the 1940s did researchers realize that the bacterial slime covering surfaces in aquatic ecosystems represented more than disorganized detritus. Rather, they were complex and organized communities of cells (58, 59) . In 1978, J. W. Costerton and his coworkers (60, 61) published the first formal description of a bacterial biofilm in researching how bacteria adhered to surfaces in aquatic systems. They defined a biofilm as a matrix-encapsulated population of microorganisms adhering to a surface in a nutrient-sufficient environment. Subsequently, they and others described the fundamental differences between bacteria in biofilms and bacteria that are free-living (planktonic) (62) (63) (64) . They noted (60) that over 99% of the bacterial biomass in the natural aquatic ecosystems they first studied were in the form of biofilm communities on wet or submerged surfaces, rather than free and independent in suspension. Because the bacteria include so many species, one general biofilm description cannot encompass the variety of their forms. However, Costerton and others extracted a number of generally common steps in the formation of bacterial biofilms in vitro, as well as several shared attributes (21, (65) (66) (67) , which are outlined briefly in Fig. 1 . As will become evident in this review, many of the steps of bacterial biofilm formation and the attributes of these biofilms have proven relevant to the emerging descriptions of C. albicans biofilm formation in vitro. The first step in generating a bacterial biofilm in vitro is to grow cells planktonically for inoculation into the biofilm model. The concentration of cells in the inoculum can be adjusted to generate an initial monolayer on the substratum of the model employed. The second step is to add the inoculum of planktonic cells to an adherent substratum to facilitate adhesion. Strong adherence is necessary for anchoring, especially when there are fluid flow and mechanical shear forces that could release single cells not firmly attached to the substratum during initial biofilm development. It should be noted that although most in vitro models include a solid substratum for adherence, cells in natural settings may also converge at air-liquid or liquid-liquid interfaces, where differences in density, hydrophobicity, and water structure can result in a discrete physical interface that can be assessed by cell surface receptors (68, 69) . Cells may also use each other as surfaces, through cohesion, to form suspended aggregates, or floccules, exhibiting properties of a biofilm on a substratum (70) (71) (72) (73) . In vitro, adherence to a substrate is basic to the establishment of a geographically confined population. Bacterial adhesion has been separated into two phases: primary, reversible adhesion, sometimes referred to as "docking," and secondary, irreversible adhesion, sometimes referred to as anchoring or "locking" (74) (75) (76) (77) (Fig. 1) . For biofilm formation in vivo, a question arises as to whether one cell, a number of independent cells, or a fragment of a previous biofilm is responsible for dissemination, i.e., the initiation of a new biofilm in another location (60, 78, 79) . In all three scenarios, however, the first step must still be adhesion to the substratum. In the process of adhesion, an adhesin or another form of a mechanoreceptor activates signal transduction pathways that effect the developmental transition from a planktonic state to a sessile, immobilized state (67, 80, 81) . This transition can be associated with a change in cellular phenotype. For instance, when motile bacteria, such as Escherichia coli, adhere to a substratum (33, 82, 83) , motility ceases, cell multiplication continues (84) (85) (86) (87) , and early biofilm-related genes are upregulated, including those that encode additional adhesins (88) (89) (90) . Although Karatan and Watnick (91) suggested that bacteria at this point can form either an adherent monolayer biofilm or a multilayer biofilm, the former is not sufficient to encompass some of the main characteristics of a complex biofilm, most notably the formation of ECM and a three-dimensional, controlled microenvironment that facilitates biofilm growth, nutrient acquisition, control of gas and pH, and cell-cell signaling (92) (93) (94) (95) (96) (97) . It therefore may not be legitimate to consider an adhering cell monolayer lacking ECM a bona fide biofilm. Once cells adhere to a surface and begin to multiply, they remain aggregated both through adherence to the substratum and through coherence (cell-cell adhesion) (91, 98) . Coherence may be facilitated by several mechanisms, including direct cell-cell adhesion, the formation of an encapsulating ECM that mechanically traps cells in place, or the formation of an ECM that acts as glue (99) (100) (101) . The adhering cells then multiply in the z axis to form a tightly packed, cohering basal polylayer of cells that further anchors the biofilm (Fig. 1) . It must be realized at this point that the final architecture of the in vitro biofilm depends on the original density of adhering cells. Low-density inocula that result in sparse, independent cells on the substratum may form patches of cells or independent cell mounds, while high-density inocula may form uniform carpets of cells that result in a uniform biofilm across the substratum. While bacteria multiply, they deposit ECM. The final thickness of the mature biofilm appears to be the result of a variety of possible pressures. These include the mass that can be anchored effectively to a substrate relative to shear force (102) , the penetrability of nutrients (103), gas exchange (104), the concentrations of secreted enzymes for extracellular digestion of nutrients and for matrix modification (105) , and, in vivo, the topography of the substratum to which the biofilm adheres (106) (107) (108) . Intercellular signaling develops gradually and controls the size of the final biofilm (109) , and it may also play a role in the development of late biofilm architecture. As the biofilm evolves, it undergoes cellular differentiation and multicellular morphogenesis. In select bacteria, there is stratification of cellular phenotypes and the development of an often complex multicellular architecture (110) (111) (112) (113) . In Pseudomonas aeruginosa, cells differentiate from a round to an elongated phenotype (113) , and they exhibit changes in physiology, gene transcription, and protein synthesis (81, (114) (115) (116) . One of the most dramatic phenotypic transitions is that of E. coli (80, 86) and P. aeruginosa (81, 117, 118) . Both are motile when planktonic but become nonmotile during adherence, and as noted, the flagellar motor can play a direct and early role in the initial adhesion event (119-122). As P. aeruginosa biofilms grow, the cells remain nonmotile, but at maturity, mushroom-like pillars separated by water channels form within the biofilms, which contain motile cells that exit in the process of dispersal (81, 118, 123, 124) . Not only the size of the biofilm but also multicellular morphogenesis is regulated by quorum sensing (125) (126) (127) . Cell death, which plays a major role in vertebrate development, most notably in limb formation (128, 129) , may also play a role (130) (131) (132) . In the case of Bacillus subtilis, which makes wrinkled colonies on agar, areas of localized cell death underlie areas of buckling.
During bacterial biofilm growth and maturation, cells continue to deposit an extracellular matrix, which plays roles in cell cohesion (106, 133, 134) , gas exchange (104), drug resistance (21, (135) (136) (137) , defense against penetration by white blood cells (138) (139) (140) (141) (142) , and the maintenance of architecture and biofilm rigidity (106, 143, 144) . The ECM is hydrated and therefore is composed primarily of water. The matrix that supports the gel is composed of structural proteins and polysaccharides and contains extracellular DNA (eDNA) (145) (146) (147) (148) (149) (150) (151) . Recently, McCrate et al. (152) demonstrated that the ECM of E. coli biofilms contains cellulose and curli proteins, with the latter forming fibrous amyloid bodies. Studies combining electron microscopy, biochemistry, and solidstate nuclear magnetic resonance (NMR) spectroscopy have led to the perception that the major component of ECM is in fact protein (153) (154) (155) (156) . Studies have also demonstrated that the protein-cellulose architecture is responsible for the viscoelasticity of the ECM (154, 155) . It is likely that the composition and architecture of the ECM change with developmental time. In the complex matrix of a bacterial biofilm, a microenvironment is established that has been shown to contain secreted enzymes for catalyzing the polysaccharide linkages and modifications that are basic to matrix architecture and function (106, 144, 157, 158) and secreted enzymes involved in the extracellular digestion of nutrients from the host environment or from the medium in an in vitro model (21, 159, 160) . The role of eDNA is unclear, but experiments suggest that it indeed plays a role in biofilm formation in vitro (151, 161) . The ECM contributes to the establishment of a microenvironment that facilitates cell-cell communication through signaling (109, 162, 163) . Finally, the mature bacterial biofilm must maintain itself, rejuvenate, and release cells or biofilm fragments for dispersal (67, 106, 164) . Bacterial biofilms have also been shown to facilitate conjugation, the bacterial version of mating, through the transfer of DNA between cells through direct cell-cell contact (165) (166) (167) . As noted, many of the developmental steps and traits of bacterial biofilm formation in vitro have analogs in the formation of a complex C. albicans biofilm in vitro. Formation of a bacterial biofilm therefore provides a contextual framework for defining a C. albicans biofilm, as well as assessing variability and plasticity.
THE BEGINNINGS OF CANDIDA ALBICANS BIOFILM RESEARCH
It took more than 15 years after Costerton et al.'s pioneering work on bacterial biofilms (60) for medical mycologists to recognize the possible relevance of biofilm formation in the life history of C. albicans and to develop an in vitro model (168) . Even the comprehensive review and bibliography of C. albicans literature by Frank C. Odds, in his second edition of the book Candida and Candidosis: a Review and Bibliography, published in 1988, failed to have "biofilm" as a topic in the table of contents or index (169) . This monumental work, which included a review of 5,796 publications, did, however, include a review of the literature on the adherence of C. albicans to host and synthetic surfaces, the first step in biofilm formation. The importance of the subject was underscored by its placement as the first comprehensively covered subject in the section "Determinants of Virulence of Candida" in chapter 26, "Pathogenesis of Candidosis," in Frank Odds' book (169) . In this review, which covered the literature up through 1986, the range of biological surfaces to which C. albicans adhered, sometimes selectively, was extensive. These surfaces included buccal epithelia, vaginal epithelia, cervical epithelia, skin cells, urinary epithelia, gastrointestinal epithelia, endothelia, and even spermatozoa (169) . Synthetic surfaces included catheters, dentures, and contact lenses (169) . Possibly one of the first images of a biofilm formed by a Candida species was published in 1984 by Marrie and Costerton (24) . Candida parapsilosis was identified in a sample from a catheter wall. Yeast cells and extensive matrix were observed in the biofilm, but no hyphae were present, suggesting that it represented the smooth switch phenotype of this species (170) . One of the first reports of the association of C. albicans with a biofilm was in a study by Ahearn and colleagues over 25 years ago (171) . They assessed the efficacy of disinfectants and air drying on the clearing of biofilms from contact lens cases. They noted that C. albicans accounted for only a small fraction of the cells of the predominately bacterial biofilm. Like the report of Ahearn and coworkers (171) , there were several additional reports in the early 1990s of C. albicans in mixed biofilms forming on a variety of materials, including silicone rubber prostheses (172) , impression materials (173), catheters (174) , and dentures (175) (176) (177) . However, it was Hawser and Douglas (168) who developed the first in vitro model of C. albicans biofilm formation, in which the biofilm was formed by and composed solely of that species. The development and use of an in vitro model composed exclusively of C. albicans were the first steps in understanding how this species forms biofilms. The model was adapted from one developed in the late 1980s by Prosser et al. (178) for the formation of E. coli biofilms in vitro. However, during the 5 years following the landmark paper by Hawser and Douglas (168) , the number of published studies was fewer than 10 per year, on average (Fig. 2) . Medical mycologists then realized the importance of biofilm formation in C. albicans colonization, and the number of published studies increased in an exponential fashion, such that by the year 2015, the number of papers per year approached 300 (Fig. 2) .
THE DOUGLAS MODEL: A GOOD STARTING POINT
As we shall see, the original Douglas model continues to be used broadly, with lab-specific variations, because it supports the for- mation of a mature biofilm that is robust, thick, architecturally complex, and phenotypically and genotypically homogeneous, at least initially. In the initial protocol of Hawser and Douglas from 1994 (168), yeast-phase cells were first grown overnight in suspension (i.e., planktonically) in yeast nitrogen base (YNB) medium (Fig. 3A, step 1) . The concentration of the planktonic cell culture was adjusted for optimum biofilm formation by measuring the optical density at 520 nm (OD 520 ), and then aliquots were inoculated into YNB medium in the wells of a microtiter plate (Fig. 3A,  step 2 ). The composition of YNB medium, which usually contains glucose as the major carbon source, is presented in Table 1 . A disc cut from catheter material that had been treated with serum was inserted at the bottom of each plastic well of the multiwell plastic culture plate. The planktonic cell inoculum was incubated in the wells for 60 min at 37°C in air without mixing (i.e., static, without rotation or rocking) to facilitate adhesion to the disc (Fig. 3A, step  3) . Nonadhering cells were then gently removed and fresh YNB medium added (Fig. 3A, step 4) . In the original model, cultures were incubated statically for up to 72 additional hours (168) . In a subsequent report (179) , cultures were continuously mixed by rotation for 47 additional hours (Fig. 3A , steps 5 and 6). Aspects of this model were changed over time by other research groups. The plastic bottoms of the wells of multiwell tissue culture dishes, rather than serum-treated catheter discs, were employed as substrata for purposes of expediency, since tissue culture plastic proved to be adhesive (180) (181) (182) . YNB medium was also replaced with different media to support planktonic growth and biofilm formation (38) . In Table 1 , the compositions of a number of media used to develop biofilms are presented, demonstrating the variety of media and the potential for biofilm variation.
The general developmental program of biofilm formation in the Douglas model, in this case using an adaptation developed by Daniels et al. (38) , is diagrammed in Fig. 3B . This variation is employed because the architecture of the biofilm formed has been assessed over time in detail (38, 45, 183, 184) . In this version of the Douglas model, planktonic cells are grown to stationary phase in sLee's medium to obtain a majority of unbudded yeast-phase cells in stationary phase. sLee's medium is Lee's medium (185) (38) . The substratum in this model is a disc cut from silicone elastomer, a catheter material, and the incubation conditions after adhesion include air at 37°C, with gentle rocking (30°d eflection, 18 cycles/min) (38, 183, 184) . The cells that adhere to the catheter disc between 0 and 1.5 h of static incubation form a relatively uniform, contiguous monolayer if the cell concentration is adjusted correctly [e.g., 1 ϫ 10 7 cells in 2 ml of RPMI 1640 (MOPS) medium added to a well containing a 15.6-mm-diameter silicone elastomer disc]. In Fig. 4A , a differential interference contrast (DIC) micrograph is presented of the yeast cell monolayer formed after 1.5 h (Fig. 3B) . A nearly confluent, uniform sheet of adherent cells is apparent. In Fig. 4B , fixed cells are stained with the DNA dye Syto 9 (Life Technologies, Inc.) to visualize nuclei. In Fig. 4C , a higher-magnification DIC image is presented of live cells in the monolayer, which reveals the uniform unbudded yeastphase phenotype. The cells in the monolayer then multiply in the yeast phase over the next 4 to 6 h, forming a basal yeast cell polylayer that is approximately six cells thick (ϳ20 m) (Fig. 3B) . Between 6 and 8 h, germ tubes (incipient hyphae) emerge at the dorsal surface of the yeast cell polylayer (Fig. 3B) . During the subsequent 40 h, the germ tubes grow in the z axis, forming true hyphae (Fig. 3B) . Elongation in this model is oriented vertically, slowing with time as the biofilm matures (184) . In Fig. 4D , a side view is presented of a projection image of 500 scans obtained by confocal laser scanning microscopy (CLSM) of a 48-h biofilm of strain SC5314. The image was processed with Imaris 3D image processing and analysis software (Bitplane, Zurich, Switzerland) (45) to accentuate the vertical orientation of the hyphae in the mature biofilm in this model. In Fig. 4E , a scanning electron micrograph (SEM) is presented from the top of a collapsed 48-h biofilm prepared such that the extracellular matrix was removed (note the homogeneity of hyphae in the top-view image) (45) . In Fig. 4F , an SEM is presented from the top of a collapsed 48-h biofilm prepared to preserve the ECM (179) . Note how the hyphae are covered by the dehydrated ECM. In Fig. 4G , a time series is presented of top views and side views of CLSM projection images of biofilm formation through 24 h. Note that the hyphae appear punctate in the 16-and 24-h top-view images, since they are oriented vertically (Fig. 4G) . The individual hyphae composing the upper biofilm layer each consists of a linear sequence of highly elongated cellular compartments separated by septa. Each hypha grows apically, and each of the cell compartments in the linear array preceding the dividing apical compartment contains one or more large vacuoles, a nucleus, and minimal particulate cytoplasm. These true hyphae are distinct from pseudohyphae in that they lack indentations at septal sites (187) . In this model, hyphae continue to grow vertically and apically for approximately 40 h (38, 183, 184) . Very little branching or lateral yeast cell formation occurs (Fig. 4D) . In other media, such as Spider medium, yeast cell formation and branching occur (183) , in both cases, from the distal end of internal hyphal compartments, just below the septal junction (169) .
Hawser and Douglas (168) showed in their original model that growth (assessed by dry weight), protein synthesis ([ 3 H]leucine incorporation), and metabolic activity (measured by the reduction of tetrazolium salts) in static cultures in YNB medium at 37°C in air, is approximately 75% complete after 24 h of incubation and over 90% complete by 48 h of incubation. The kinetics of these parameters (168) correlate with the gradual decrease in the rate of biofilm growth over time in the modified model of Daniels et al. (184) (Fig. 4G ). Hawser and Douglas (168) found that in YNB medium, these kinetics were similar whether 50 mM glucose or 500 mM galactose was used as the carbon source, but the final values at Ն48 h for all three parameters for biofilms formed in medium containing galactose were twice those for biofilms formed in YNB medium containing glucose. Hawser et al. (179) subsequently found that rotating (20 rpm) the biofilm culture to mix the medium increased the final dry weight. There was no effect on the reduction of tetrazolium salts, but as discussed in a later section of this review, this assay has been found to be an expedient but sometimes problematic measure of biofilm growth and development. Using SEM, Hawser et al. (179) reported that low rates of rotation during biofilm formation also increased ECM deposition. Daniels et al. (183) , in their modified version of the Douglas model, showed by CLSM of calcofluor-stained preparations, that the upper portion (upper 70 to 80%) of a 48-h biofilm was composed of vertically oriented hyphae equidistant from each other, presumably separated from one another by the encapsulating ECM.
BIOFILM DISPERSAL
Because the model of biofilm development described in Fig. 3B is limited to cell phenotype and architecture, there are many aspects of biofilm formation that are not included. One such aspect is dispersal, which may have an architectural component. The first experimental demonstration of this process was by Uppuluri and López-Ribot (188, 189) . Using a flow model, described in a later section of this review, they found that yeast-phase cells were released from a developing biofilm. These cells exhibited several traits that were enhanced compared to those of planktonic cells, including increased pathogenicity in a mouse model of systemic infection (188) . They found that between 1 and 8 h of biofilm development, the rate of yeast-phase cells released into the medium increased by 1 order of magnitude. The rate plateaued at approximately 24 h (188). Nobile et al. (190) subsequently demonstrated, in a variation of the Douglas model using Spider medium, that the rate of accumulation of budding yeast cells in the medium decreased between 24 and 60 h. It was not clear whether the yeast-phase cells accumulating in the medium originated in the adhesive yeast cell basal layer, were released from the hyphal upper layer, or were released from yeast cell pockets within the hyphal upper region of the developing biofilm. The lowest rate of release was observed in RPMI 1640 (MOPS) medium, which is consistent with the observation that biofilms formed in this medium contain vertically oriented hyphae with few lateral yeast cells (45, 183, 184) . This is therefore consistent with the suggestion that dispersed cells may be formed by hyphae in media that facilitate lateral yeast cell formation. There appears to be no time component for release of yeast-phase cells that can be correlated with an architectural transition in the developmental program of biofilm development, so dispersal was not incorporated into the temporal scheme shown in Fig. 3B .
OTHER MODELS
A majority of the procedures that research groups have used to generate biofilms in vitro are based on the Douglas model. However, there are several models, including those incorporating flow and those performed in an in vivo setting, that are markedly different. Andes and coworkers (192) and Ghannoum and coworkers (191) developed in vivo intravenous catheter models, and Andes and coworkers (187) developed an in vivo urinary catheter model. In the original intravenous model developed by Andes et al. (31, 192) (Fig. 5A ), a polyethylene tube was inserted into the jugular vein of a rat, conditioned by back flow (without the addition of C. albicans for 24 h), and flushed. It was then inoculated with C. albicans cells obtained from colonies grown on Sabouraud's dextrose agar. Upon inoculation, the catheter was locked and incubated for up to 72 h. At the termination of the experiment, the catheter was flushed with heparinized saline to remove blood and nonadhering cells. The catheter was then assessed for biofilm formation, and the bloodstream and kidneys of the rat were assessed for fungal load. The biofilm in the catheter was visualized on the lumen surface by SEM (192) , which entails fix- ation, critical point dehydration, and coating with palladium and gold. SEM analysis revealed that the biofilms that formed contained yeast-phase cells, pseudohyphae, and hyphae embedded in a dense ECM (192) . Hyphae dominated the outer region of the biofilm, but the actual architecture was difficult to assess, in part because the hyphae and matrix were collapsed and matted, presumably as a result of SEM fixation, as was the case in SEMs of mature biofilms presented by Hawser et al. (179) for the Douglas model ( Fig. 4F ). Metabolically active cells in the biofilm were assessed by use of the fungal viability stain FUN-1, and the polysac- charide content was determined by staining with the lectin concanavalin A (ConA), which identifies ␣-D-mannosyl-and ␣-Dglucosyl-containing molecules. Polysaccharide localization appeared to increase in the direction of the catheter lumen. Pockets of matrix were also localized close to the catheter wall. The architectural differences between the biofilm formed in this model and those formed in the Douglas model were considered by the authors (192) but were difficult to assess, although it is safe to say that both biofilms contained the same general cellular phenotypes and ECM. The intravenous catheter model developed by Andes and coworkers ( Fig. 5A ) (192) has proven extremely valuable in molecular experiments and appears to be excellent for investigating a major medical problem, i.e., catheter-based C. albicans infections. The model has been used successfully to assess the role of adhesion molecules (193) , drug susceptibility (194) , gene expression (195, 196) , and select mutants (193, (197) (198) (199) (200) (201) (202) . This model has been used almost exclusively by the Andes laboratory at the University of Wisconsin, in a number of cases in collaborative studies, and has not been adopted generally, probably as a result of the expertise required rather than its efficacy. This observation is in no way meant to detract from the value of this model. Schinabeck et al. (191) developed an intravenous catheter model in the jugular vein of a rabbit. The catheter was flushed with saline every day and removed at 7 days. SEMs revealed dense matrix and the contours of yeast-phase cells, but there were no signs of hyphae or pseudohyphae. This model has also not been adopted generally, for the same reasons noted for the model of Andes et al. (36) , but it also appears to be an excellent one for studying catheter infections. A urinary catheter model, also developed by Andes and coworkers (203) and diagrammed in Fig. 5B , involved inserting a silicone catheter into the urethra of an immunosuppressed rat treated with antibiotics ( Fig. 5B) . The catheter was conditioned by draining urine from the bladder prior to inoculation of yeastphase cells suspended in yeast extract-peptone-dextrose (YPD) medium (Table 1) . After 2 h, the inoculum with nonadhering cells was removed, the rat returned to the cage, and urine collected throughout the experimental time course. At 24 and 72 h, catheters were analyzed by SEM (187) . Because of fixation, staining, and dehydration in the SEM procedure, the architecture of the biofilm formed on the catheter wall is difficult to compare with that formed in the Douglas model, but it is clear in the published images that the upper region of the biofilm was composed mainly of hyphae and matrix. Viable cells were quantitated in the collected urine and in the biofilm population adhering to the catheter. Biofilms reached confluence at 48 h, but the C. albicans burden in the urine increased through 72 h, indicating continued release and/or multiplication of released cells. The urinary catheter model warrants in vitro comparisons in which the medium in the Douglas model is replaced with synthetic urine (SU) medium (204) or fresh filtered donor urine. Using the XTT [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxianilide] reduction assay, Uppuluri et al. (204) demonstrated that biofilms formed in SU medium were as metabolically active as those grown in RPMI 1640 medium, although in SU medium, the final concentration of cells was lower, the hyphae were shorter, the biofilm architecture was less complex, and the expression of select filamentation-associated genes (EFG1, ALS3, and HWP1) was reduced. As is the case for the intravenous catheter model, the urinary catheter model developed by Andes and coworkers (188, 203, 205, 206) is extremely effective for studying urinary catheter infections. In a subcutaneous model, van Dijck and coworkers (207, 208) seeded pieces of catheter with implanted C. albicans yeast cells subcutaneously in the back of a mouse (Fig.  5E ). After 6 days, the catheters could be removed and analyzed. Cells formed a dense biofilm, composed of yeast cells, hyphae, and ECM, on the inner tube surface (208) . Alternatively, biofilms could be assessed by using strains expressing a luciferase gene attached to the cell wall and noninvasive bioluminescence imaging (207) . The technology for this preparation appears to be relatively simple and should be useful in in vivo studies of drug susceptibility.
Models have also been developed in which biofilms are formed on an acrylic denture placed on the palate of a rat. In 1978, Olsen and Bondevik (209) first used an inserted acrylic plate fitted to the palate of a rat to study Candida stomatitis, but in that study the biofilm that formed on the plate was not assessed. In 2010, Nett et al. (210) developed a denture model using temporary dental acrylic deposited directly onto the palate of immunosuppressed rats treated with antibiotics (Fig. 5D ). The denture was secured with dental wire between molars. In this model, a spacer was placed against the hard palate prior to depositing acrylic resin. After the spacer was removed, a 1-mm-wide void between the palatal and acrylic surfaces was created that was filled with a suspension of C. albicans yeast-phase cells. After 72 h of incubation, Nett et al. (210) found that a mixed-species biofilm developed on the acrylic surface, composed of one-third C. albicans cells and two-thirds intestinal bacteria. In controls in which there was no inoculum, biofilms formed that were composed of up to onefourth indigenous C. albicans cells and three-fourths intestinal bacteria. SEM analyses revealed budding yeast cells and hyphae but no consistent architecture. Another rat denture model (Fig.  5C ) was developed by Lee and colleagues (211, 212) . A denture was made from a dental impression cast for each individual rat, employing techniques similar to the prosthodontic procedures used for humans. The custom-fit, removable denture contained an embedded metal rod secured to the anterior hard palate by magnets within the fixed denture, which was in turn secured by orthodontic wires to the rear molars. Unlike the model by Nett et al. (210) , the rats in this study were immunocompetent and were not treated with antibiotics. C. albicans was introduced into the tight interface between palate and denture as a paste of centrifuged C. albicans yeast-phase cells. The paste was applied directly to the mucosal surface prior to placement of the denture. In this model, biofilms formed on both the denture surface and the palate (211) . Biofilms, containing yeast-phase cells, hyphae, and ECM, formed on the denture after approximately 4 weeks postinoculation and on palates after 6 weeks, even though colonization of the general oral region by C. albicans remained constant after 7 days. No mixture of C. albicans and bacteria was observed in the biofilms, possibly as a result of the tight fit of the denture to the palate. The biofilms formed on the palate and the denture, as viewed by SEM, appeared similar to those formed in vitro using the Douglas model with human saliva-conditioned acrylic (211, 213) . Hence, in that study (211) , the in vitro and in vivo models were architecturally similar. The reason for comparability may have been due to the flow dynamics in the area between denture and palate, which was low. Models in which C. albicans was inoculated directly into the oral cavity or under the tongue of a rodent in the absence of dentures appeared to involve primarily invasion of hyphae at the ven-tral surface of the tongue, and thus appear to be better as models of mucosal invasion (214) (215) (216) (217) . However, small biofilms did appear to form in the crevices between papillae on the tongue surface.
Recently, Srinivasan et al. (104, (218) (219) (220) developed a unique in vitro model, which they referred to as a "nano-biofilm," consisting of C. albicans cells embedded in rat tail type I collagen alginate hydrogels. In the model, the nano-biofilms were printed onto microarray slides. SEM images presented by Srinivasan et al. (219, 220) revealed that the seeded yeast-phase cells within the chips formed hyphae in all directions, but an organized biofilm was not evident, presumably because of the structural impediments of the synthetic matrix. Hence, this model may more appropriately be useful for invasion rather than biofilm studies. Several additional in vitro biofilm models, distinct from the Douglas paradigm, have been developed that introduce flow across the biofilm during development. They are described in a later section of this review. Suffice it to say that the variety of models, especially those with catheters and between dentures and palate, introduce conditions quite distinct from those in the Douglas model.
METHODS FOR MEASURING BIOFILMS MAY BE A SOURCE OF VARIABILITY
Even if studies in different laboratories employ similar models, different methods of assessment have the potential to generate different results and interpretations. Therefore, before considering the variability of C. albicans biofilms resulting from the use of different strains and different model conditions in vitro, the variability inherent in the different methods of assessment must be addressed. Hawser et al. (168, 179) originally evaluated biofilm formation by measuring three parameters: dry weight, the incorporation of [ 3 H]leucine into total acid-perceptible protein, and the reduction of tetrazolium salts to formazan. These and subsequent studies also routinely used SEM, but primarily for assessing cellular phenotype and matrix deposition, and usually for only one strain. Assessing dry weights of 48-h mature biofilms is straightforward and highly reproducible (45, 179) . Dry weight, however, provides no information regarding cellular phenotype, architecture, or the contribution of the ECM. Indeed, Pujol et al. (45) showed that biofilms formed by a number of C. dubliniensis strains exhibited very different architectures but still attained similar dry weights. If used in conjunction with other assessment methods, however, dry weight remains a fundamental parameter of biofilm growth. Assessing [ 3 H]leucine incorporation is reproducible (168) and provides a measure of the rate of protein synthesis. However, when used to assess a 48-h biofilm, it represents an assessment of the rate of translation during biofilm maintenance, not that during biofilm growth and development. It is also not an expedient method and is institutionally restricted because of the use of radioactivity. Tetrazolium salt reduction has been the most common assay, primarily for expediency, in analyses of the effects of antifungal drugs on biofilm development. This assay measures respiratory or metabolic activity. The reduction of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] or XTT, both of which are water-soluble tetrazolium salts, by NADH-dependent oxidoreductase in the mitochondria and in specialized vesicles, produces formazan, which can be quantitated colorimetrically (221, 222) . The assay was developed originally to assess the level of oxidative metabolism (223) and has proven useful for assessing cell death (181, 224, 225) . However, tetrazolium salt reduction is an indirect method for measuring the extent of biofilm growth, especially for mature biofilms, for several reasons. First, stationary-phase yeast cells in the basal layer of a biofilm and the more proximal compartments of a hypha are not undergoing cell division. These compartments may therefore be far less active metabolically than the most apical compartment of hyphae. Second, such a measure does not reflect biofilm mass, volume, thickness, cellular differentiation, or architecture or, most importantly, the extent of matrix deposition. Its expediency for assessing drug susceptibility in 96-well plates has been demonstrated, and its reproducibility verified (226) , but its usefulness in comparing extents of biofilm development is suspect. In a brief but revealing side-by-side comparison using the XTT reduction assay and dry weight, Kuhn et al. (227) found that while some isolates of C. albicans, from dentures, catheters, blood, bronchial tubes, urine, the vagina, and skin, formed biofilms with similarly high XTT reduction values and dry weights, others formed biofilms with relatively high dry weights but relatively low XTT reduction values, and vice versa. In an independent study, Li et al. (228) found that the variation between biofilms formed by different strains obtained from the oral cavity, the environment, and the vaginal canal was greater for crystal violet (CV) absorption than for XTT reduction. CV targets primarily mucopolysaccharides and amyloids (229) , which may vary dramatically as a result of differences in matrix deposition. In an excellent analysis of the parameters that can affect XTT reduction methods for antifungal susceptibility studies, Nett et al. (230) provided a list of problems and possible reasons for those problems. They also provided methods for optimization. However, these precautions do not alter the inherent problem of the assay, namely, that it measures mitochondrion-and vesicle-based NADH-dependent oxidoreductase activity (231) , which probably differs between the multiple phenotypes in a biofilm, between different phases of the budding cycle, and between the proximal and apical compartments of hyphae during elongation. Moreover, measuring XTT or MTT reduction at 48 h, after formation of the biofilm is over 90% complete and the rate of growth has decreased over 10-fold from peak values (168), does not seem to be a very direct or accurate measure of biofilm growth and development. To make things even more complicated, Liu et al. (231) reported that MTT is membrane impermeant, and they concluded that the tetrazolium salt may have to be taken up into living cells by endocytosis. The MTT and XTT reduction assays may therefore be, at least in part, a measure of uptake, not cell metabolism.
One of the most important traits for assessing biofilm development is architecture. As noted above, SEM (168, 181, 192, 232, 233) and, to a lesser extent, CLSM have been used to assess cellular phenotype, extracellular matrix, relative growth, and architecture (181, 213, 232, 234) . However, both methods have limitations and artifacts and can lead to variability, depending upon how they are performed. There have been two procedures used for SEM analysis of Candida albicans. If biofilms are fixed with glutaraldehyde in cacodylate buffer, flash frozen, and then freeze-dried (179, 235) , one preserves the collapsed ECM but loses resolution of the hyphal and yeast morphologies (Fig. 4F) . If biofilms are fixed and dehydrated (45) , hyphae and yeast cells are imaged, but the ECM is lost (Fig. 4E) . As noted by Little et al. (236) for bacterial biofilms, solvent replacement of water from a biofilm removes matrix components. In addition, whether the SEM preparation is frozen or dehydrated after fixation, native architecture is lost.
CLSM (237) (238) (239) can provide information on internal architecture, cellular phenotype, and biofilm thickness. In contrast to the SEM procedure, there is no dehydration step after fixation with paraformaldehyde or other fixatives, and thus more of the native architecture is preserved (240) . CLSM involves staining rather than surface shadowing, and the collection of hundreds of optical sections of a biofilm through the z axis provides information about different depths. Staining artifacts, however, can arise in CLSM. For instance, when a 48-h fixed biofilm is overlaid with a solution of calcofluor, which targets cellulose and chitin (241), staining is most intense in the upper portion of the biofilm, presumably because of disproportionate binding of the dye to hyphae at the top of the biofilm during dye penetration (45, 183, 213) . This artifact is evident in side views of projection images of a stack of CLSM scans, such as those presented in Fig. 4D and G. CLSM is, however, effective at comparing the thicknesses of biofilms (183) , and with advanced processing software, it can be used to image the architecture of intact hyphae in side views of projection images (45) (Fig. 4D ). An additional problem arises when CLSM is used to view the ECM with dyes such as calcofluor, which binds to chitin and cellulose (242) . These ECM polysaccharides are also localized in the hyphal wall. In the case of calcofluor, hyphae stain far more intensely than the diffuse ECM. One must therefore lower the laser intensity to view hyphae by CLSM, at the expense of viewing the ECM. If intensity is increased, the ECM can be visualized at the expense of resolving distinct hyphae, because hyphal walls stain so much more intensely (39, 243) . Light attenuation is less problematic when multiphoton CLSM is applied (97) .
Finally, transcription profiling is evolving as a major method for assessing biofilm development. Profiling can be performed by assessing genome-wide transcription by using microarrays (195, 200, (244) (245) (246) (247) (248) , NanoString nCounter technology (249, 250) , and RNA sequencing (RNA-Seq) (197, 200) or by using quantitative reverse transcription-PCR (RT-PCR) or Northern blot analysis of a smaller, select group of genes (251) . Such comparisons are often made between biofilm preparations and planktonic cultures. Unfortunately, assessing the accuracy, reproducibility, and concurrence of these technologies has been hampered by the variety of genome-wide transcription platforms employed and the differing conditions used to prepare biofilms, such as different media, substrata, times of analysis, and fluid flow or mixing methods ( Table  2 ). In two general reviews of the reliability and reproducibility of chip technology, it is noted that reproducibility can be attained for abundant transcripts but that this is not always the case for lowabundance transcripts (252, 253) . Canales et al. (252) noted that the latter problem is especially true for measurements on different platforms (252) . As global analyses of gene expression segue from DNA chips to RNA-Seq, new challenges arise. This is best exemplified by the elegant study of Nobile et al. (200) , who used both technologies. Using a mutant library, they developed a model of a transcriptional network controlling biofilm formation, in which 1,000 target genes were regulated by six key transcription factors. In that study, they pooled data from a DNA chip analysis and an RNA-Seq analysis to determine genes differentially expressed during biofilm development, rather than selecting genes that intersected in the two studies (i.e., genes upregulated or downregulated in the same way by both methods of assessment). This was done for inclusiveness. However, the question related to our focus in this review is how comparable the results of the two methods were, given that the preparations were generated in the same study and using the same model for comparing planktonic and biofilm gene expression levels. The threshold employed for a significant difference between planktonic and biofilm expression levels for a gene was 2-fold (i.e., Ն2-fold). Of the 2,235 genes that were identified as up-or downregulated by both platforms, or by one or the other, 1,792 were actually assessed by both platforms. Of the latter genes, 405 (23%) were found to be regulated similarly by both methods (see the supplemental material in reference 200), which is a surprisingly low level of correspondence. The study by Nobile et al. (200) was followed by an additional one by the same group, using the same model and the same microarray platform but not including an RNA-Seq analysis (245) . In the supplemental material of the expanded study (245) , comparison of the transcription profiles of planktonic (log-phase) cells and biofilms identified 238 genes that were upregulated or downregulated Ն2-fold and were also identified as similarly regulated in the study of Nobile et al. (200) . However, 845 additional genes were found to be differentially regulated Ն2-fold that were not assessed in the Nobile et al. a The compositions of the media are given in Table 1. or downregulation versus upregulation) Ն2-fold in the two studies. Some of these differences certainly arose between measurements very close to but not attaining the significance threshold. But even so, if such differences arise between sequential studies in the same laboratory, in which the same methods are used to obtain preparations and the same microarray platforms are used for assessment, one wonders what differences would be found, especially for low-abundance transcripts, between studies in different laboratories using different conditions and different platforms. Genome-wide transcription profiling does reveal differences in select abundant genes, many of them reproducible between laboratories, and when limited to such genes, it provides a powerful tool for assessing the progression and maturation of biofilm formation. It would be extremely helpful in these studies if the abundances of transcripts, especially for those not showing congruence, were noted. In addition, a threshold of Ն2-fold means that a gene must be expressed at a level only twice that of a planktonic culture, or half that of a planktonic culture, to be considered differentially regulated in a biofilm. The reliability and reproducibility of genome-wide profiling for a particular platform and the congruence between platforms need to be addressed. The use of this technology becomes even more problematic when phenotypic heterogeneity is considered. An and Parsek (254) point out, in the last line of their discussion on the use of DNA microarray technology in genome-wide assessments of transcription in bacterial biofilms, that "the real payoff might be when we are able to profile distinct spatial or functional subpopulation in the community." This also holds true for C. albicans biofilms.
STRAIN VARIABILITY
The complexity of C. albicans biofilm formation in both space and time and the problems that arise in measuring its progress provide a contextual framework for assessing genetic and conditional factors responsible for biofilm variability. The first of these factors is strain variability. Do all strains form biofilms similarly? This question is fundamental to biofilm studies dealing with gene expression and mutational defects or drug resistance, since a majority of these studies employ one strain or mutants derived from a single parent strain. Single-strain studies assume that the strain employed is representative of all strains, a majority of strains, or the average strain. Hawser and Douglas (168) performed the first study of strain variability. They analyzed 15 strains, but two were mutants: one that could not form hyphae and one that could not form yeast-phase cells. Both mutant strains were derived from the same parent strain. Their results are summarized for the 13 natural strains (i.e., nonmutant strains) in their collection, along with the results of other studies of strain variability, in Table 3 . The extremes of the ranges for the three traits (dry weight, [ 3 H]leucine incorporation, and MTT reduction) analyzed by Hawser and Douglas (168) differed by 2.1-, 2.3-, and 3.2-fold, respectively, for cultures in medium containing 50 mM glucose and by 2.3-, 3.8-, and 3.2-fold, respectively, for cultures in medium containing 500 mM galactose (Table 3 ). The standard deviations (as percentages of the means) were 24%, 24%, and 21%, respectively, for biofilms formed in YNB medium plus glucose and 18%, 32%, and 28%, respectively, for biofilms formed in YNB medium plus galactose (Table 3) . It should be noted that the strains used by Hawser and Douglas (168) and by all but one of the other studies reviewed for Table 3 were not assessed for the configuration of the mating type locus, which affects the size and functional characteristics of biofilms (39) and the susceptibility of planktonic cells to antifungals (41) . As noted, however, it is reasonably safe to assume that a random collection of strains, as in the study by Hawser and Douglas (168), will usually contain no more than 10% MTL-homozygous isolates (40, (255) (256) (257) . In a subsequent study of variability by Kuhn et al. (26) , employing the Douglas model, biofilm formation parameters were compared among 10 strains by measuring XTT reduction and dry weights of 48-h biofilms. Isolates varied in relative XTT reduction values (A 492 ), which were between 0.65 and 1.24, and in relative dry weights, which were between 0.55 and 1.30 mg (Table 3) . For both measurements, the extremes varied approximately 2-fold. The standard deviations (as percentages of the means) were 29% and 30%, respectively (Table 3 ). These variability measurements were close to those obtained by Hawser and Douglas (168) ( Table 3) . As previously noted, Kuhn et al. (26) found that there was poor correspondence of the relative rankings in the collection for individual strains between XTT reduction and dry weight measurements.
In 2003, Li et al. (228) compared 115 isolates representing the four major clades of C. albicans. They used a variation of the Douglas model, developed by Ramage et al. (181) , that employed the tissue culture plastic surface of the wells of 96-well plates, rather than a catheter disc, as the substratum. The collection was separated into isolates from the oral cavity, the vaginal canal, and the environment. (228) found that the means, standard deviations, and ranges for XTT reduction and CV staining were statistically indistinguishable between clades. The means Ϯ standard deviations for XTT reduction for 16 oral, 31 environmental, and 37 vaginal isolates were 0.077 Ϯ 0.052, 0.079 Ϯ 0.025, and 0.063 Ϯ 0.020, respectively. The standard deviations of XTT reduction values (as percentages of the means) were 62, 32, and 32%, respectively, which are much higher than the standard deviations in both the Hawser and Douglas (168) and Kuhn et al. (26) studies (Table 3 ). The standard deviations (as percentages of the means) for crystal violet staining were even higher, i.e., 159%, 113%, and 57%, respectively, suggesting a problem in the reliability of the latter measurement given the parallel results for XTT reduction. Jain et al. (258) used the same variation of the Douglas model, as well as the XTT reduction assay, to compare biofilm formation levels among 63 isolates from saliva in RPMI medium or artificial urine. The standard deviations (as percentages of the means) for XTT reduction measurements were 9% for RPMI 1640 medium and 20% for urine ( Table  3 ). The value for RPMI 1640 medium was lower than those of Hawser and Douglas (168). Jain et al. (258) did not provide individual strain data for C. albicans, so the range and extremes could not be computed. Villar-Vidal et al. (259) used the same model, but sampled the biofilms at 24 h rather than 48 h, as well as the same XTT reduction measurement, to analyze variability among 16 oral isolates and 12 blood isolates. The means Ϯ standard deviations for XTT reduction were 1.0 Ϯ 0.4 and 0.9 Ϯ 0.4, respectively (Table 3 ). The ranges were 0.3 to 1.3 for oral isolates and 0.3 to 1.5 for blood isolates, representing 4-and 5-fold differences between extremes (Table 3 (45) performed an architectural comparison of three strains that had been typed a/␣ for the MTL configuration, namely, P37039, P37037, and SC5314. They found a high level of uniformity in thickness (78 Ϯ 5 m, 76 Ϯ 2 m, and 74 Ϯ 3 m, respectively). They also found similar basal yeast cell polylayers, hyphal upper layers, vertical orientations of hyphae, and densities of the ECM. However, the sample size was too small for valid comparisons with the previous studies reviewed here. They also presented thickness measurements for six a/a and six ␣/␣ strains, which had similarly low variability ( Table 3 ). The differences in extremes were 1.2-fold and 1.1-fold for the a/a and ␣/␣ strains, respectively. However, the variability of dry weights for a collection of 10 a/␣ strains containing 5% a/a and 5% ␣/␣ cells was similar to that obtained by Hawser and Douglas for a/␣ strains (Table 3) .
Assessing variability between strains may therefore be influenced by a scientist's technique or the assessment parameters themselves, as well as the variability due to differences between strains. The data at hand, however, suggest that variability among strains can be as great as 2-fold or more, and this must be considered in comparing data from different studies, especially those that employ only one test strain. For such studies, it would be prudent to consider whether the strain employed is representative (i.e., near the mean) of a collection of natural strains, at least for basic parameters, such as dry weight, phenotypic composition, and architecture. SC5314, the strain that is parental to a number of derivative strains used for mutant analyses, appears to be quite normal in the formation of biofilms in vitro (183, 184) . However, that does not mean that all of the engineered derivatives used to select mutants form biofilms normally. Therefore, a parental strain that is a derivative of SC5314, or another natural strain, not the original natural strain, must serve as the immediate control in comparisons of biofilm formation, and it should be compared to the original natural strain, such as SC5314.
VARIABILITY DUE TO THE ORIGINAL PLANKTONIC CELL INOCULUM
In the original experiments performed by Hawser and Douglas (168) , SEM images of cultures in YNB plus 500 mM galactose revealed that after a 1-h period of incubation of planktonic cells in the wells of the multiwell plate, the adhering population was far from confluent. It is not clear if this was due to too dilute an (260) (261) (262) . Cells can also be undergoing mitochondrial duplication and migration heterogeneously (263) . Heterogeneity will have an impact on the synchrony of cell division at the onset of the formation of a basal yeast cell polylayer. This in turn might affect measurements of early biofilm development. Attaining synchrony was of paramount importance more than 4 decades ago in studies related to the yeast cell cycle and cellular physiology (264) (265) (266) , as well as to the bud-hypha transition in C. albicans (267) . Almost all planktonic preparations of C. albicans are grown in the yeast phase overnight, in culture tubes or flasks that are rapidly rotated. Cell density is then commonly measured by determining the optical density. Optical density is not, however, a direct measure of cell number, but rather of mass (268) , and it must be normalized empirically to the cell concentration. The OD may be influenced by the heterogeneity of the budding cycle, adhesion, and flocculation and by differences in strain-specific cell size. The use of a hemocytometer for verification of concentration may be a bit more time-consuming than measuring the optical density, but it provides researchers with two benefits: an accurate count of cell number and a visual estimate of the heterogeneity of the budding yeast cell cycle, including the presence of pseudohyphae and hyphae in the preparation. For white and opaque cells in MTL-homozygous cultures, it provides a measure of phenotypic homogeneity. The concentration can then be adjusted by dilution and the adjusted planktonic suspension inoculated into test wells of the in vitro biofilm model. And if heterogeneity is a problem, another medium, strain, or preparation can be selected.
Phenotypic homogeneity of the planktonic cell preparation can be a concern, especially for measurements during the early stages of biofilm formation. Cell cycle-regulated genes have been identified in Saccharomyces cerevisiae (269) , including modulation of histone messengers, first reported in 1981 (270) . For C. albicans, Kusch et al. (271) used two-dimensional (2D) electrophoresis to compare proteins between log-and stationary-phase cells. Dramatic differences were observed in proteins involved in all aspects of metabolism. Unfortunately, the different media used to culture C. albicans planktonically result in quite different levels of cell cycle heterogeneity in stationary phase. In Fig. 6 , representative fields of cells and the proportions of unbudded yeast-phase cells are presented for the a/␣ strain SC5314 cultured planktonically at 26°C for 24 and 48 h, with rotation, in a variety of media that have been used for planktonic cell growth. The compositions of these media are presented in Table 1 . At 24 h, cultures in YNB, YPD, sLee's, Spider, SD, and RPMI 1640 (with or without MOPS) media consisted of over 70% unbudded yeast-phase cells (Fig. 6A to F  and H) . At 48 h, however, only planktonic preparations in YPD and sLee's media contained over 70% unbudded yeast-phase cells, i.e., 93% and 96%, respectively (Fig. 6B and D) , suggesting that heterogeneity may increase as planktonic cultures become stationary. There are multiple reasons for why it may be advantageous to obtain a relatively uniform population of unbudded yeast cells in stationary phase for the initial planktonic inoculum of a biofilm model. First, cell cycle synchrony at the onset of a biofilm experiment allows one to interpret measurements as representative of a single cell phenotype. Second, cells in one growth phase, such as stationary phase, provide a single physiology. The differences in cell physiology between log-and stationary-phase cells have been described primarily for bacteria (272) (273) (274) . In addition, the susceptibilities to antifungal agents of planktonic cells of S. cerevisiae differ between log-and stationary-phase cells (275), as do the proteomes (271) . Third, the presence of a significant number of pseudohyphae or hyphae adds a second dimension to phenotypic heterogeneity. Therefore, documenting that a majority of cells in the planktonic cell inoculum have entered stationary phase, are unbudded and of uniform size, and are uniformly in the yeast phase should be considered in the development of in vitro models of biofilm formation.
VARIABILITY DUE TO FLOW, ROTATION, OR ROCKING
In their original report, Hawser and Douglas (168) did not mix their cultures by rotation or rocking, but in a subsequent report (179) , they rotated cultures at 30 rpm, which increased biofilm thickness. Mixing can affect O 2 and CO 2 tension in the biofilm microenvironment, as well as increase accessibility to nutrients. It can also cause shear forces that affect mechanoreceptors. Such receptors have been demonstrated to exist on the surfaces of hyphae and function in thigmotropism (276) . Whether these receptors play a role in the architecture of the upper hyphal region of a biofilm is not known. However, if the amount of mixing (i.e., via rotation, shaking, rocking, or continuous flow) is too great, cell architecture, uniformity along the substratum, matrix deposition, and synchrony of the developmental program may be affected. Therefore, mixing or flow conditions must be optimized empirically for each in vitro model of biofilm formation. Because there is the reasonable perception that biofilms are challenged with constant flow in vivo, several researchers have incorporated flow into their models. For bacterial biofilms, two major flow models have been employed: a flow cell (277) and a rotating disc reactor (278, 279) . The flow cell is constructed from polycarbonate or polymethyl methacrylate and contains three open tubular chambers. The chambers are covered by a glass coverslip (the substratum for the biofilm). Medium enters through an inlet port and exits through an outlet port (277) . The rotating disc reactor contains a stir disc to generate flow across 18 removable polycarbonate chips with adherent cells (278) . To generate flow across a C. albicans biofilm, López-Ribot and colleagues (188, 280) developed a model in which a strip of serum-coated silicone elastomer was first incubated with cells in a conical tube to promote adherence. The strip was then placed in a tube with inlet and outlet ports, and buffered RPMI 1640 medium was continuously dripped down the strip. In a second model (281) , discs seeded with cells were placed in mul-tiple wells bored into an acrylic block, through which medium was pumped. In both cases, SEM images revealed that robust biofilms formed. García-Sánchez et al. (246) developed a model in which a seeded Thermanox plastic coverslip was placed in a test tube that contained a narrower tube that released medium and air. Medium was continuously removed through an outlet port at the top. The turnover rate was 0.6 ml/min for a 40-ml chamber, or 1.5% of the volume of the medium per minute. The diagram of the model provided in the study (246) suggests that bubbles of air may have flowed across at least the upper portion of the biofilm. SEM images of wild-type biofilms formed in this flow model revealed patches on the substratum containing mixtures of tangled hyphae, pseudohyphae, and budding cells. Some of the budding cells were unusually large and possessed at least six bud scars. Results obtained with the different flow chambers may be difficult to compare given the differences in design. In developing flow chambers for bacteria, Crusz et al. (277) emphasized the importance of minimizing bubbles, since they were shown to disrupt biofilm development. More importantly, in most studies of C. albicans biofilms in which medium is either mixed or moved by flow, it is difficult to compare in vitro shear forces with those on the surfaces of host niches where C. albicans biofilms form. In addition, there have been no systematic studies of the effects of transient changes in flow on biofilm formation. Such changes do occur in several host niches. For instance, although there is normally very little flow across biofilms that form between dentures and palate, periodic movement may cause turbulence and disruption. Moreover, dentures are usually washed frequently rather than retained in place Table 1. for 72 h (210) or up to 8 weeks (212) . When an individual is awake, the flow rate from the salivary gland is approximately 0.7 ml/min, or 42 ml/h (282-284), but it decreases dramatically during sleep (285) . Swallowing causes agitation and rapid movement of the bolus of saliva to the esophagus (286) , and chewing causes extreme turbulence. In the intestine, fluid flow is approximately 10 ml/min (287), but flow rates at the topologically complex intestinal surface may be far lower, especially in the crypts of Lieberkühn and other crevices. Flow rates of pressure-injectable catheters can range from 4 to 6 ml/s, or 240 to 360 ml/min, and the pressure can be 100 to 300 lb/in 2 (288) . Indwelling urinary tract catheters may have relatively continuous high flow rates (289) , whereas shortterm indwelling intravenous catheters may have high flow rates only during therapeutic delivery or sampling (288, 290) . For drainage and therapy, long-term catheters can be indwelling for more than 6 weeks. The development of in vitro flow models, especially those with the rotating or rocking conditions used in most in vitro models, may therefore not mimic any in vivo conditions. The effect of flow on bacterial biofilm formation was poignantly demonstrated by Greenberg and colleagues in a comparison of biofilms formed by wild-type Staphylococcus aureus and a mutant for the accessary gene regulator locus agr (279) . Most agr isolates, which are defective in quorum sensing, were found to be defective in biofilm formation (291) . The number of cells in the biofilm of the ⌬agrD mutant was less than one-third that in the wild-type biofilm in the static dish model but over two times that in the wild-type biofilm in the spinning disc reactor (279) . With a flow cell rather than spinning disc model, the biofilms formed by the ⌬agrD mutant and the wild type were architecturally indistinguishable after 1 and 5 days, as revealed by CLSM (279) . These bacterial results suggest that flow rate must be considered an important variable in biofilm formation. Hawser et al. (179) clearly showed that under their conditions, there was a significant increase in dry weight for cultures rotated at 20 rpm on an orbital rotating platform compared to undisturbed cultures. However, rotation at speeds higher than 30 rpm reduced dry weight. Based on these results, one must wonder how rotation speeds of 200 rpm, which have been employed, affect architecture. One must also consider the possibility that rotation at 200 rpm, rocking a culture 12 times/min at a 6°pitch, and constant flow across a biofilm in a flow apparatus result in different shear forces with different effects on biofilm formation. The point is that the method used may lead to major differences in biofilm formation and must therefore be taken into account in comparing data from different studies.
VARIABILITY DUE TO DIFFERENCES IN DEVELOPMENTAL TIMING
Although this is not always the case, in the majority of studies of C. albicans biofilms, the assessment of biofilm formation is performed at a single time point. This has been true for comparisons of biofilm formation between mutants and wild-type strains and for analyses of antifungal drug susceptibility. A single time point may not be sufficient. The formation of C. albicans biofilms in in vitro models must be regulated by an underlying developmental program involving cellular differentiation, the divergence of cellular phenotypes, complex cell-cell interactions, and signaling that changes with time. Time-dependent changes during biofilm formation have been demonstrated for gene expression (244) (245) (246) (247) 292) , cellular phenotype (168, 179, 183, 184) , architecture (183, 184) , and the deposition of ECM (293) (294) (295) (296) . Hence, by definition, there is an ordered sequence of dependent events, and in some cases parallel pathways, with a time table, in complex developmental programs (297) . For C. albicans, we know that there are changes in adhesion, yeast cell multiplication, germination, hypha elongation, and ECM deposition. If there is a change resulting from a mutation in the length of time required for any of the developmental stages in the underlying program of biofilm formation, a difference in the genetic makeup between natural strains, different model conditions, or the absence or presence of an antifungal drug, a single measurement at a single time point may simply reflect a difference in when things happen, not if they happen, as outlined in the simple hypothetical example presented in Fig. 7 . In this example, strain "a" forms a basal yeast cell polylayer during the first 5 h, while strain "b" does so during the first 20 h. Each then forms the upper hyphal/ECM layer over the subsequent 43 h. At 48 and 63 h, respectively, both have formed indistinguishable mature biofilms with similar pathogenic traits (Fig.  7) . However, if both were sampled at 15 h, "a" would be extending hyphae and depositing ECM, while "b" would be undergoing cell multiplication in the yeast phase. And if both were sampled at 33 h, "a" would have come close to completing a mature biofilm, while "b" would be in the middle stages (Fig. 7) . If "a" and "b" were compared at 4 and 15 h, respectively, or at 15 and 30 h, respectively, architecture and physiological measurements would be similar. High-frequency epigenetic switching systems that selectively affect the lengths of time between developmental stages, but not the sequence of stages that occur, have been described for the model developmental system Dictyostelium discoideum (298-300). Therefore, it seems reasonable to suggest that comparisons between different natural strains, wild-type strains and mutant derivatives, untreated and antifungal-treated cultures, and cultures developed under different model conditions should include multiple time points. Just as importantly, architectural landmarks should be assessed in parallel at multiple points to verify phenotypic comparability.
EFFECTS OF MEDIA ON BIOFILM DEVELOPMENT
Hawser and Douglas (168) performed the first experiments on the impacts of different media on biofilm development. They first compared YNB medium containing either of two carbon sources, i.e., glucose and galactose. Although dry weight, [ 3 H]leucine incorporation, and tetrazolium reduction increased and plateaued with similar temporal dynamics, the plateau values for galactose were approximately twice those for glucose for all parameters. The extent of the difference was also strain dependent (179) . In 2001, López-Ribot and colleagues introduced RPMI 1640 medium buffered with MOPS (181). RPMI 1640 medium was developed and optimized specifically for the in vitro culture of human leukocytes (301) . RPMI 1640 (MOPS) was also selected as a validated yeast susceptibility testing medium after a direct comparison of Candida growth curves obtained using six candidate media (302) and was recommended by the National Committee for Clinical Laboratory Standards (303) (304) (305) . A number of media other than YNB and RPMI 1640 (MOPS) media have also been used to support C. albicans biofilm formation (Table 1) . Compared to YNB medium with glucose, Lee's medium (185) supplemented with zinc and arginine (sLee's medium) (186) and YPD (yeast extract, peptone, dextrose) fail to support similarly robust 48-h biofilms (our personal observations). It may be for this reason that the two media are rarely used in models to support biofilm formation in C. albi-cans studies (Table 1) . Spider medium, which has been used in the rat catheter model (117, 193, 202, (306) (307) (308) and the Douglas well model (309) (310) (311) , was compared with RPMI 1640 (MOPS) medium for biofilm architecture (183) . Spider medium supports formation of biofilms that lack a thick basal yeast cell polylayer. The biofilms are composed of a carpet of yeast cells at the substrate, from which hyphae extend in relatively random directions, with yeast cells formed throughout the upper layer. The extracellular matrix of these biofilms is less dense than that of biofilms formed in RPMI 1640 (MOPS) medium (183) . Biofilms formed in RPMI 1640 (MOPS) medium differ architecturally, containing a thick basal yeast-phase polylayer, vertically oriented hyphae, and a denser matrix (183) (Fig. 3B) . The lack of a thick basal yeast-phase polylayer in Spider medium may be due to the rapid germination of planktonic cells upon inoculation. Agar containing Spider medium is a known facilitator of germ tube formation and hyphal growth (312) (313) (314) (315) (316) (317) . Interestingly, even with the differences observed in architecture, the biofilms formed by a/␣ cells in Spider medium are relatively impenetrable by human white blood cells and relatively resistant to fluconazole treatment, although not to the same degrees as the more organized biofilms formed in RPMI 1640 medium (183) . Spider medium becomes problematic, however, when used to support MTL-homozygous biofilms in air, as described later in this review.
VARIABILITY DUE TO THE MTL CONFIGURATION
Perhaps the most dramatic effect on the function and regulation of biofilms in C. albicans relates to the configuration of the MTL
FIG 7
Example showing why a single time point might be invalid for comparing biofilms. Strain differences, mutations, antifungal drugs, and different model conditions may affect when things happen, not if they happen. A hypothetical example is presented for a difference in timing in the first step of the biofilm development program for two strains, "a" and "b," which results in an increase in the time it takes for the formation of the yeast-phase cell polylayer for strain "b." Germination, hypha elongation, and ECM deposition take the normal amounts of time but are shifted in terms of the total amount of time. Data from a single time point at 15 or 33 h would reveal differences that could be interpreted as absolute, when in fact they simply reflect differences in timing.
locus. MTL-heterozygous yeast-phase cells and MTL-homozygous white-phase cells, which are also in the yeast phase but differ functionally, form biofilms that are architecturally equivalent but differ in thickness and function (38, 39, 243, 318, 319) . In the preceding portions of this review, we assumed that the majority of strains in nature were heterozygous (a/␣) at the MTL locus, even though the configuration of the MTL locus was rarely assessed. This assumption appears reasonable, since in every major study of the MTL configuration, the proportion of MTL-homozygous strains fell between 5 and 10% of natural clinical strains (40, 42, 255, 256) . In addition, the C. albicans strain which has been used as the parent strain most often in mutational and molecular studies is SC5314, which is a/␣ (320). However, Rustad et al. (256) found that 11 of 12 MTL-homozygous strains analyzed in a collection of 96 strains were resistant to azoles, the major family of anticandidal drugs. Over half of the collection they studied had in fact been selected for drug resistance. The disproportionate representation of resistant strains among the MTL-homozygous members of the collection was reinforced by the discovery by Odds et al. (41) that MTL-homozygous strains grown planktonically are, on average, more resistant to the major azoles than MTLheterozygous strains. Hence, the potential exists that collections of isolates selected for a particular trait or collected from a particular host niche may be enriched for MTL-homozygous strains. Moreover, some a/␣ strains have a propensity to undergo homozygosis. On average, a/␣ strains undergo homozygosis at the MTL locus spontaneously at a low frequency in vitro. The predominant mechanism is the loss of one homolog of chromosome 5, which harbors the MTL locus, followed by duplication of the remaining homolog (321) . MTL-homozygous strains that persist in nature, however, originate primarily by mitotic recombination (322) . Niche conditions that may stimulate homozygosis, both in vitro and in vivo, are not known. Lockhart et al. (40) found that one of three a/␣ strains injected into mice in the systemic mouse model, namely, strain P75063, underwent MTL homozygosis at an extremely high rate in vivo. Wu et al. (321) showed that this strain also underwent MTL homozygosis at an extremely high rate in vitro. However, Wu et al. (322) showed that MTL-homozygous strains are less competitive than MTL-heterozygous strains in the mouse systemic infection model, and Ibrahim et al. (323) found that tetraploids resulting from a/a and ␣/␣ mating were less virulent in that model as well. Together, these observations support the assumption that most natural and laboratory strains (90 to 95%) can be assumed to be a/␣, but they reveal that a significant minority of strains are MTL homozygous and that select a/␣ strains can spontaneously undergo MTL homozygosis at a high frequency. One environmental condition has been identified that enriches for MTL-homozygous derivatives. Indeed, Rustchenko and colleagues (324) found that on agar media in which the carbon source is sorbose, a/␣ derivatives that lose one copy of chromosome 5 utilize sorbose, and thus are enriched in a population growing on medium containing sorbose as the carbon source.
WHITE-OPAQUE SWITCHING, MATING, AND BIOFILM FORMATION
To understand the difference in C. albicans biofilms based on the configuration of the MTL locus, one must first understand the white-opaque transition and its role in mating (Fig. 8) . When C. albicans a/␣ cells undergo MTL homozygosis to a/a or ␣/␣ (320), they still cannot mate (Fig. 8A) . To become truly mating competent, they must then switch from a traditional budding yeastphase cell type, referred to as the "white" phase, to an elongated, large, pimpled cell type, referred to as the "opaque" phase ( Fig.  8A) (325, 326) , a phenotypic transition first described in 1987 for strain WO-1, which was isolated from the bloodstream of a patient at the University of Iowa Hospitals and Clinics in Iowa City, IA (327) . It was subsequently found that the great majority of MTL-homozygous strains, but not heterozygous strains, undergo this transition (40, 326) . In the mating process, opaque a/a cells release a pheromone and opaque ␣/␣ cells release ␣ pheromone. Opaque ␣/␣ and a/a cells then respond to these alternative pheromones by evaginating to form shmoos that undergo chemotropism, membrane fusion, nuclear fusion, evagination, and daughter cell formation (Fig. 8B) (38, 325, 326, 328, 329) . Interestingly, white cells, which themselves cannot normally mate, play a role in mating. White cells form robust biofilms that are architecturally similar to the biofilms formed by a/␣ cells but differ functionally in that they support mating between minority opaque cells (24, 38, 330) . Opaque cells, which themselves cannot form a biofilm, play a stimulatory role in the formation of MTL-homozygous white cell biofilms (39) .
ARCHITECTURE OF MTL-HOMOZYGOUS BIOFILMS AND THE ROLE OF PHEROMONE
When white MTL-homozygous cells are incubated in the model employed by Daniels et al. (38, 183, 184) , a biofilm is formed that consists of a basal yeast cell polylayer, which accounts for the lower 20% of the biofilm, and an upper region of vertically oriented hyphae encapsulated in ECM, which accounts for 80% of the biofilm. However, MTL-homozygous biofilms formed by white cells are, on average, 25% thinner than MTL-heterozygous biofilms (183, 251) . Most of the difference is erased if minority (10%) MTL-homozygous opaque cells of the opposite mating type are added to the white cell population (38) . A mixture of 1:1 a/a and ␣/␣ opaque cells is added because opposite mating types stimulate each other to release mating factor. However, adding more than 40% opaque cells decreases biofilm thickness (38) , probably because opaque cells, which do not make bona fide biofilms, physically interfere with white cell biofilm formation. Stimulation of white cell biofilm formation by minority opaque cells led to the discovery that the white-to-opaque transition regulates white cell biofilm formation (39) . MTLheterozygous biofilm formation is regulated by the RAS1/cyclic AMP (cAMP) pathway, while MTL-homozygous biofilm formation is regulated by the mitogen-activated protein (MAP) kinase pathway (39, 243, 318, (331) (332) (333) . It was hypothesized that minority opaque cells added to majority white cells stimulate the thickness of MTL-homozygous biofilms by releasing pheromone, which activates the MAP kinase pathway (39) . It was subsequently demonstrated that a small minority of opaque cells (i.e., Ͻ1%), which appear in a majority white cell population by spontaneous switching (327, 334, 335) , release the pheromone of the opposite mating type in an unorthodox fashion (39) . The secreted pheromone induces biofilm formation in a paracrine system (39) . In other words, minority ␣/␣ cells in a majority a/a white cell population secrete ␣ pheromone, which stimulates biofilm formation by a/a white cells. Deletion of the ␣-pheromone gene results in the formation of highly defective a/a white cell biofilms (39) . The addition of 10% opaque cells (1:1 mixture of a/a and ␣/␣ cells) to an a/a or ␣/␣ white cell population stimulates biofilm thickness, presumably by providing additional pheromone of the opposite mating type (39) .
PERMEABILITY, PENETRABILITY, AND DRUG SUSCEPTIBILITY OF ALTERNATIVE BIOFILMS
Although the general architecture of biofilms formed by MTLhomozygous cells is similar to that of biofilms formed by MTLheterozygous cells, pathogenic traits and the capacity to facilitate mating differ. When a 48-h MTL-heterozygous biofilm developed in RPMI 1640 (MOPS) medium in the Douglas model was overlaid with either Sypro Ruby (1.6 kDa) or ConA (104 to 112 kDa) and incubated for an additional 30 min, there was minimal penetrance (ϳ15%) by either the low-or high-molecular-mass molecule (39) . However, when an MTL-homozygous biofilm was treated similarly, both the low-and high-molecular-mass molecules penetrated rapidly through approximately 80% of the biofilm (39) . Similarly, when 48-h biofilms were overlaid with DiIlabeled human polymorphonuclear leukocytes and incubated for 3 h, the leukocytes penetrated through only 5% of an MTLheterozygous biofilm but through approximately 80% of an MTLhomozygous biofilm (39, 183, 264) . Finally, alternative biofilms exhibit a dramatically different susceptibility to fluconazole. When a 48-h MTL-heterozygous biofilm was treated with 25 g per ml of fluconazole for 24 additional hours, approximately 5% of cells stained with Dead Red, a dead cell nuclear stain. However, when MTL-homozygous biofilms were treated similarly, approximately 40% of cells in the biofilm stained with Dead Red (39) . All of the above differences were demonstrated for three unrelated a/␣ strains and their a/a and ␣/␣ derivatives, the latter obtained through spontaneous homozygosis at the MTL locus (39) . MTL- heterozygous and MTL-homozygous biofilms therefore represent perhaps the most extreme example of biofilms that look alike but are functionally disparate.
"SEXUAL BIOFILMS": LESSONS FROM BACTERIA
The relationship between mating and biofilm formation is not a novel aspect of C. albicans. It has long been recognized that most bacteria live in biofilms in natural or host niches, so it was likely that gene transfer through conjugation occurred under these conditions. Hausner and Wuertz (167) demonstrated that conjugation occurs at higher frequencies in bacterial biofilms than in planktonic cultures. Conjugation in bacteria, discovered approximately 70 years ago by Lederberg and Tatum (336) , involves the transfer of genetic material, usually as a plasmid or transposon, through cell-cell contact. Licht et al. (337) showed that donor cells placed on the upper surface of an E. coli biofilm transfer genetic material only to surface cells, which may be due to the restricted contact. Not only is conjugation facilitated by bacterial biofilm formation, but mating in turn can enhance biofilm formation through conjugation pili, as demonstrated for E. coli (166) . Fimbriae, which are specialized pili, function in adhesion (338, 339) . It therefore seemed logical to consider that if sex is facilitated by biofilms for bacteria, the same may hold true for C. albicans. Obviously, the advantage of performing mating within a biofilm relates to proximity for both bacteria and C. albicans. However, there is some question concerning the timing and location of bacterial mating in bacterial biofilms, since the encapsulation of cells in a matrix (340) may prevent contact, an issue dealt with by Molin and Tolker-Nielsen (341) . Although the work on mating in bacterial biofilms began earlier than that on C. albicans biofilms, there have been no reports of the formation of functionally distinct nonsexual and sexual biofilms of bacteria, as is the case for MTL-heterozygous and MTL-homozygous C. albicans biofilms.
FACILITATION OF MATING BY SEXUAL BIOFILMS
Several observations led to the hypothesis that MTL-homozygous cells form "sexual" biofilms. First, planktonic MTL-homozygous white cells in stationary phase are induced to adhere to plastic or catheter material by pheromone (39, 319) . Second, opaque cells signal white cells, through the release of pheromone, to form a white cell biofilm, employing the same pheromone receptors, trimeric G protein complex, and MAP kinase pathway as those that regulate mating between opaque cells, but with different target transcription factors (243, 319, 332) . Third, and most importantly, when minority a/a and ␣/␣ opaque cells are seeded in majority a/a and/or ␣/␣ white cell biofilms, they mate 50 to 100 times more frequently than minority a/a and ␣/␣ opaque cells seeded in majority a/␣ biofilms (330) . Furthermore, Daniels et al. (38) showed, by vitally staining a/a and ␣/␣ cells with tags of different colors, that an MTL-homozygous white cell biofilm supports chemotropism by conjugation tubes, which leads to fusion (Fig. 9) .
The reasons for the differences in MTL-heterozygous and MTL-homozygous biofilms have been attributed to alternative functions and may be the result of differences in the ECM. The characteristics of MTL-heterozygous biofilms, including impermeability to high-and low-molecular-weight molecules, including the azole fluconazole, and impenetrability by white blood cells (39, 183, 184, 251) , are compatible with a pathogenic role in the life history of this commensal but incompatible with the generation of pheromone gradients that direct chemotropism in the mating process and the directed extension of conjugation tubes during chemotropism (33, 38, 52, 82, 330) . In contrast, the characteristics of MTL-homozygous biofilms, including permeability to low-and high-molecular weight molecules, including fluconazole, and penetrability by white blood cells, are incompatible with a pathogenic role but compatible with chemotropism, and hence a sexual role. It seems reasonable to suggest that in an MTLhomozygous white cell biofilm, spontaneous switching to opaque by a minority of cells results in mating, which is facilitated by the ECM of the white cell biofilm. The observation that opaque cells do not form biofilms is consistent with this scenario (38) . This specialization of white cell biofilm formation may be the reason that white-opaque switching evolved in C. albicans and related species, including C. dubliniensis and Candida tropicalis (44, 342, 343) .
IMPACT OF ENVIRONMENTAL CONDITIONS ON MTL-HOMOZYGOUS BIOFILMS
As is the case for MTL-heterozygous biofilms, the culture conditions used for the formation of an MTL-homozygous biofilm can affect the biofilm's architecture, phenotypic transitions, and function. Although the literature for MTL-homozygous biofilms is more limited than that for MTL-heterozygous biofilms, several recent studies focused on the effects of environmental conditions on MTL-homozygous biofilm formation, using variations of the Douglas model. In a comparison of two media used to support biofilm formation, white a/a biofilms of natural strain P37005 were found to be three times thicker when formed in RPMI 1640 (MOPS) medium than when formed in Spider medium (183) . In addition, whereas MTL-homozygous white cells formed a basal yeast cell polylayer and an upper region of vertically oriented hyphae embedded in a dense ECM in RPMI 1640 medium at 37°C in air, in Spider medium they formed a loose, poorly adhesive, and poorly cohesive polylayer of yeast cells, with no significant upper hyphal region and with little ECM (183) . The predominately yeast-phase cell biofilm formed in Spider medium was twice as susceptible to fluconazole as the already partially susceptible biofilm formed by MTL-homozygous cells in RPMI 1640 medium under otherwise identical conditions. MTL-homozygous biofilms formed in Spider medium were also far more penetrable by human polymorphonuclear leukocytes than the partially penetrable biofilms formed under the same conditions in RPMI 1640 medium (183) . Furthermore, the biofilms formed by white MTLhomozygous cells in Spider medium did not support mating between seeded minority a/a and ␣/␣ cells, as did white MTLhomozygous biofilms formed in RPMI 1640 (MOPS) medium (183) . However, white a/a cells did form biofilms in Spider medium if the air was replaced with 20% CO 2 . These biofilms were architecturally indistinguishable from a/␣ biofilms formed in Spider medium in air (183) . For a/␣ cells in Spider medium, similar biofilms formed in either air or CO 2 . These results poignantly demonstrate that a single parameter, in this case the concentration of CO 2 , dictates whether or not MTL-homozygous white cells form bona fide biofilms in Spider medium. CO 2 , however, does not dictate whether a bona fide biofilm forms in RPMI 1640 medium. Daniels et al. (183) further demonstrated that a white a/a biofilm formed in Lee's medium for 24 h, a condition used by Lin et al. (344) , was not comparable to a biofilm formed in RPMI 1640 medium for 48 h. The biofilm formed in Lee's medium was 1/10 as thick as the latter, formed no cohesive basal yeast cell polylayer, and had no upper layer dominated by hyphae encapsulated in ECM. Despite the dramatic decrease in thickness and lack of architecture and function, the addition of ␣ pheromone was shown to stimulate thickness of MTL-homozygous biofilms formed in Spider medium (344) . The stimulated biofilms, however, were still less than half as thick as the one formed in RPMI 1640 (MOPS) medium, and they lacked an organized architecture (183) . These results demonstrate that although white-phase a/a cells are responsive to ␣ pheromone in Lee's medium in air, they do not make bona fide biofilms and in Spider medium will not form an upper hyphal region, unless they are in an atmosphere containing high CO 2 . These results underscore the importance of knowing which environmental conditions are necessary for supporting formation of bona fide MTL-homozygous biofilms before experiments are performed on mutants or to determine drug susceptibility or gene expression.
STRAIN VARIABILITY OF MTL-HOMOZYGOUS BIOFILMS
Using the Douglas model with RPMI 1640 (MOPS) medium, Pujol et al. (45) analyzed six a/a and six ␣/␣ strains for biofilm architecture. They found an extraordinarily high degree of architectural uniformity (Table 3 ). All 12 strains formed a basal yeast cell polylayer, an upper layer of vertically oriented hyphae, and a dense extracellular matrix. More surprisingly, the means Ϯ standard deviations for 48-h biofilm thicknesses for the six a/a and six ␣/␣ strains were 56 Ϯ 3 m and 58 Ϯ 2 m, respectively (45) . The standard deviations were therefore 5 and 3%, respectively, of the means (Table 3 ), reflecting an extremely high level of uniformity, and therefore conservation, among strains. This level of variability was far below that observed in other studies of variability among a/␣ strains (Table 3) . However, the mean Ϯ standard deviation for the dry weights of biofilms formed by 10 MTL-homozygous strains was 0.75 Ϯ 0.13 mg (Table 3 ) (45) . The standard deviation in this case was 17% of the mean, reflecting a level of variability consistent with that observed in the majority of other studies reviewed in Table 3 . This provides another example of the differences in variability that can exist between different biofilm parameters.
CONCLUDING REMARKS
This review focused on the variability of C. albicans biofilms formed in in vitro models, based on differences in strains, methods of assessment, the conditions used to develop biofilms, and the configuration of the MTL locus. It was undertaken to engender awareness that more attention must be paid to the strains employed, the methods used to assess biofilm development, and the models used to generate them in vitro. Therefore, it seems appropriate to conclude with a summary of basic questions or issues that C. albicans researchers should consider in comparing the results of different studies and developing experimental protocols for new studies. First, if one is analyzing a single strain of C. albicans in vitro, does it form a representative biofilm? One would not want to employ a strain which forms a biofilm that exhibits a basic parameter close to the lower or upper extreme for the species. Extremes can vary 2-fold or more (Table 3) . Second, if one is assessing variability among a collection of natural strains, it would seem prudent to type them for the configuration of the MTL locus. It should be recognized that between 5 and 10% of clinical isolates are MTL homozygous. Moreover, some a/␣ strains undergo MTL homozygosis at extremely high rates, and environmental conditions, such as the use of sorbose as the carbon source, can select for MTL-homozygous derivatives. The biofilms of MTL-homozygous strains are functionally different from those of MTL-heterozygous strains. For some traits, such as drug susceptibility, a collection of strains may be distributed biphasically if the collection contains a disproportionate number of MTL-homozygous isolates. For gene regulation, the differences between MTL-homozygous and MTLheterozygous biofilms may be profound. Third, one time point may not suffice for assessing the effects of an antifungal drug, a mutation, or an environmental condition on biofilm formation. A biofilm is developmentally programmed, and we are still ignorant of the complexity of that program. It appears that most studies do not take into account that biofilm traits, architecture, physiology, and function probably change with time during development. Therefore, multiple time points must be considered. Fourth, architectural, phenotypic, and ECM assessments should be performed in conjunction with studies on the effects of antifungal drugs, gene expression, the physiology of cells, the biochemistry of the matrix, the effects of mutation, and the effects of environmental conditions. If a mutation, an antifungal agent, or an environmental condition selectively inhibits a biofilm trait, such as hypha formation, matrix deposition, general growth, or dispersal, conclusions must be formulated with that in mind. In these cases, a measurement such as XTT reduction is not sufficient. Fifth, interpretations of data must consider the phenotypic complexity of the biofilm, and hence the possibility or probability that a measurement may represent an amalgam of phenotypes. Sixth, one must consider valid controls and comparisons in identifying biofilmspecific traits. If a measurement is made for a particular characteristic, such as gene expression on a 48-h biofilm preparation, why is a planktonic culture of yeast-phase cells used as the sole preparation for comparison? We know that hyphal growth is distinct from yeast cell multiplication in terms of cellular architec-ture, gene expression, molecular composition, cell cycle, and physiology. Since C. albicans biofilms are composed of hyphae as well as yeast-phase cells, why not add hyphal growth in suspension as a control? Seventh, researchers must be aware that biofilms have almost completely stopped growing at 48 h in most in vitro models. Therefore, 48-h time points provide information on biofilm development but also, later, on the final mature biofilm. Eighth, selecting a method of assessment solely for expediency may not provide a valid answer. XTT measurements are fraught with problems and have been shown, as early as 1998, not to correlate consistently with other parameters, such as dry weight. In addition, it should be realized that preparing cells for imaging, such as for SEM, can collapse a biofilm, destroy the architecture, or extract the ECM. CLSM preserves architecture but does not provide highresolution images of cellular phenotype and can include staining artifacts. Gene expression profiles are not expedient, and their reproducibility, especially for low-abundance transcripts, has not been resolved. Measurements of dry weight provide nothing more than information on mass. Obviously, assessments of architecture, mass, cellular phenotypes, gene expression, and metabolism are synergistic in examinations of biofilm development. The more that is known about a preparation, the more impact a study will have. Ninth, perhaps the most important consideration is the model employed. Different conditions may result in different biofilms. These include the conditions used for planktonic growth, the concentration of the initial inoculum, the period of initial adhesion, the medium used to support biofilm formation, the substratum, temperature, atmosphere (air versus increasing levels of CO 2 ), and fluid flow. Hopefully, concern for the above issues will increase the relevance of future studies and facilitate more valid comparisons of the results obtained in different in vitro studies. If nothing else, this review should engender the notion that not all biofilms are created equal.
